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ABSTRACT
The properties of the dusty tori in active galactic nuclei (AGNs) have been investigated in detail,
mainly focusing on the geometry and components; however, the kinematics of the torus is still not
clear. The narrow iron Kα line at 6.4 keV is thought to be produced by the X-ray reflection from the
torus. Thus, the velocity-resolved reverberation mapping of it is able to constrain the kinematics of the
torus. Such effort is limited by the spectral resolution of current CCD detectors and should be possible
with the microcalorimeter on the next generation X-ray satellite. In this paper, we first construct
the response functions of the torus under a uniform inflow, a Keplerian rotation, and a uniform
outflow. Then the energy-dependent light curve of the narrow iron Kα line is simulated according
to the performance of the X-ray Integral Field Unit in Athena. Finally, the energy-dependent cross-
correlation function is calculated to reveal the kinematic signal. According to our results, one hundred
observations with 5 ks exposure of each are sufficient to distinguish the above three velocity fields.
Although the real geometry and velocity field of the torus could be more complex than we assumed,
the present result proves the feasibility of the velocity-resolved reverberation mapping of the narrow
iron Kα line. The combination of the dynamics of the torus with those of the broad line region and
the host galaxy is instructive for the understanding of the feeding and feedback process of AGNs.
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1. INTRODUCTION
A dusty torus is proposed to unify the apparent differ-
ence between type 1 and 2 active galactic nuclei (AGNs),
i.e., they are intrinsically the same but only viewed from
different inclinations (Antonucci 1993; Urry & Padovani
1995). As the key ingredient of the unification model, it
is important to understand the properties of tori, which
will also shed light on the feeding and feedback process
of the central supermassive black hole. There is already
a considerable body of work discussing the geometry of
the torus by infrared imaging, interferometry, and spec-
tral energy distribution fitting. Asmus et al. (2016)
investigated the extended mid-infrared emission of 21
AGNs and compared it with the position angle of the
system axis. They found that the mid-infrared emission
is dominated by dust in the polar region. Tristram et
al. (2014) constrained the geometry of the dusty torus
in the Circinus galaxy by infrared interferometry and
fitted the result by a disk-like and an extended com-
ponent (roughly perpendicular to the disk component).
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Mart´ınez-Paredes et al. (2017) fitted the spectral energy
distributions of 20 nearby quasars with a clumpy torus
model and found that the parameters of quasars are sig-
nificantly different from those of Seyfert galaxies, i.e., a
lower number of clouds, steeper radial distributions of
clouds, and clouds that are less optically thick than in
Seyfert 1. Despite the progress on the understanding
of the geometry of tori, there is still little knowledge
about the kinematics of tori. Integral field spectroscopy
(IFS) can reveal the kinematics of host galaxies and the
kinematics of the broad line region (BLR) is constrained
by the velocity-resolved reverberation mapping of broad
emission lines in optical band (Denney et al. 2009; Bentz
et al. 2008, 2009, 2010; Pancoast et al. 2011, 2012,
2014; Du et al. 2016; Grier et al. 2013, 2017); however,
there is no appropriate technique for the torus, as the
“bridge” between host galaxy and supermassive black
hole. There are diverse requirements from theoretical
models on the dynamics of tori. Both outflow and in-
flow model of tori have been proposed (Wang et al. 2010;
Czerny & Hryniewicz 2011).
The iron Kα line at 6.4 keV in the X-ray spectra of
AGNs is a valuable feature. Reverberation mapping of
the broad component (FWHM> 200 eV) can probe the
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geometry and dynamics of the inner accretion flow (see
Uttley et al. [2014] for a comprehensive review). Kara
et al. (2016) presented X-ray reverberation of all vari-
able Seyfert galaxies with XMM-Newton data. Velocity-
resolved reverberation mapping of the broad component
has also been attempted (Cackett et al. 2014). The nar-
row iron Kα line (FWHM∼ 50 eV) is quite universal and
believed to be originated from the torus. Reverberation
mapping of the narrow iron Kα line can constrain its
emitting region (Liu et al. 2010). Although it can also
probe the kinematics of tori, the spectral resolution of
X-ray CCD (∼ 150 eV) is not enough to resolve dif-
ferent velocity parts of the narrow iron Kα line. Even
with the Chandra high-energy grating (the spectral res-
olution is ∼ 40 eV at 6.4 keV) it is hard to perform a
velocity-resolved campaign as that of Hβ line by opti-
cal spectroscopy. Such observations are only realistic by
a microcalorimeter with spectral resolution better than
10 eV at 6.4 keV. In this paper, we will investigate the
ability of microcalorimeters in the velocity-resolved re-
verberation mapping of the narrow iron Kα line.
There are already some X-ray spectral models of the
torus in AGN (Ikeda et al. 2009; Murphy & Yaqoob
2009; Brightman & Nandra 2011; Furui et al. 2016);
however, they cannot provide the temporal response of
the torus, which is necessary for the simulation of the
reverberation mapping. We have constructed an X-ray
spectral model of tori using Geant4 (Liu & Li 2014, 2015,
2016) and the same code can also record the travelling
time of every photon (including the fluorescent line).1
Thus, it is possible to construct the two-dimensional re-
sponse (temporal and spectral) of the torus and further
simulate the ability of microcalorimeters in diagnosing
the kinematics of the torus. In Section 2, we will ex-
plain the construction of the two-dimensional response.
In Section 3, the light curve of NGC 5548 is adopted as
the incident source and the observed spectra are simu-
lated under the response of the X-ray Integral Field Unit
(X-IFU) in Athena (Barret et al. 2016). In Section 4,
we compare the results under different kinematics and
discuss their implications.
2. THE CONSTRUCTION OF RESPONSE
FUNCTIONS
The spectral and temporal simulations were
performed by an object-oriented toolkit, Geant4
(Agostinelli et al. 2003; version 4.9.4).2 We adopted
the geometry of the smooth torus in Liu & Li (2014;
Figure 1). The real structure of the torus could be
1 Our X-ray spectral model is available at
https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/Ctorus.html
2 http://geant4.cern.ch/
more complex than this simple geometry; however,
the main purpose here is to verify the feasibility of
velocity-resolved reverberation mapping of the Fe Kα
line. The simulation code is able to include more
realistic structure according to specific requirements in
the future.
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Figure 1. Cross-section view of the geometry of the smooth
torus adopted in our simulations. The boundary is defined
by the inner radius Rin = 0.1 pc, the outer radius Rout =
2.0 pc, and the half-opening angle σ = 60◦. The gas is
uniformly distributed in the torus. The central X-ray source
is located at O. The delay time of a photon with the solid
green trajectory is calculated relative to the dashed green
line.
The abundances of elements were from Anders &
Grevesse (1989). All atoms were assumed in their
ground states. The low-energy electromagnetic process
in Geant4 was invoked. More specifically, we considered
the photoelectric effect (fluorescence and Auger pro-
cesses were also loaded), Compton scattering, Rayleigh
scattering, and γ conversion for photons. Ionization,
bremsstrahlung, and multiple scattering were considered
for electrons. The relevant cross sections and atomic
data were adopted from EPDL97.3
In the simulations, Geant4 tracks the trajectories of
primary particles and secondary particles step by step
and records the information of particles, e.g., kinetic
energy, momentum, position, time, and physical process
involved. Please see Liu & Li (2014) for more details
about the simulation in Geant4. In the simulations of
this paper, the column densityNH in the radial direction
of the torus is 1024 cm−2. The optical depth of the Fe
Kα line is ∼ 1 at NH = 4 × 10
23 cm−2. Thus, the Fe
Kα line can probe a considerable part of the torus with
NH = 10
24 cm−2.
The incident photons were isotropically emitted from
3 https://www-nds.iaea.org/epdl97/
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Figure 2. Response of the torus as a function of the delay
time (normalized at the maximum). The red dashed line is
the mean delay time (1007.9 days).
the accretion disk/corona (the point O in Figure 1) and
their spectrum was assumed to be a single power law,
i.e., flux ∝ E−Γ (1 keV ≤ E ≤ 500 keV), where Γ is
the photon index and fixed at 1.8 throughout the simu-
lations in this paper.
The delay time of an Fe Kα photon was defined rela-
tive to the continuum in the same direction (Figure 1).
Since the material in Geant4 should be static, we need to
assume a velocity field of the torus V (r, θ, φ) and then
combine it with the trajectories of photons to calculate
the two-dimensional response. If there was no scatter-
ing after the photoelectric effect, i.e., an Fe Kα photon
directly escapes from the torus, the observed energy of
this Fe Kα photon (after Doppler effect) was determined
by the velocity projected onto the observed direction. If
there were scatterings after the photoelectric effect, for
each scattering the energy of the incoming photon was
adjusted according to the Doppler effect. The direction
of the scattered photon was assumed to be the same as
that in the static case. The energy of the scattered pho-
ton was calculated by the Compton scattering relation.
The above procedure was performed on each photon;
then a two-dimensional histogram was constructed on
the observed energy E and delay time τ plane, which is
the two-dimensional response function RSP (E, τ).
We simulated three kinds of velocity fields, i.e., a
uniform inflow V (r, θ, φ) = −1500 km s−1nr, a Ke-
plerian rotation V (r, θ, φ) = 4000 km s−1(r sin θ/0.1
pc)−1/2nφ, and a uniform outflow V (r, θ, φ) = 1500 km
s−1nr. The FWHMs of the Fe Kα line under the above
three kinds of velocity fields were ∼ 2000 km s−1. The
two-dimensional response functions and the profiles of
the Fe Kα line are shown in Figure 3. The response
function was calculated for cos θ = 0.8 − 0.9, i.e., type
1 AGN. Figure 2 is the response as the function of the
delay time, which only depends on the geometry of the
torus and is thus the same for different velocity fields.
3. THE SIMULATED SPECTRA
The X-ray light curve of NGC 5548 from the Rossi
X-ray Timing Explorer in 2-10 keV was adopted as the
template for the continuum variability (Figure 4; Rivers
et al. 2013). 4 For simplicity, the photon index was
assumed to be a constant (1.8) during the variation.
Sobolewska & Papadakis (2009) showed that the con-
tinuum slope of NGC 5548 only weakly depends on its
flux.
The light curve in Figure 4 was interpolated at the
interval of 11.5 days, i.e., the same temporal resolution
of RSP (E, τ), and the interpolated light curve was then
convolved with RSP (E, τ) in Figure 3 to produce the
spectral model of the Fe Kα line at different times. The
interval selected here is somewhat arbitrary, but the final
result is not sensitive to the exact value of the interval.
A simulated light curve of the integrated Fe Kα line
is shown in Figure 4. Only the light curve after the
mean delay time (see Figure 2) is presented to avoid the
artificial trend due to the incompleteness of the flux of
the continuum. To produce the final spectral model, the
continua (a single power law with the flux interpolated
from Figure 4) were added with the spectra of the Fe Kα
line at the corresponding time and the mean equivalent
width of the Fe Kα line was set to 100 eV.
Then we adopted the above spectral model and sim-
ulated the observed spectra using the latest response
and background of Athena/X-IFU.5 Since the delay
time of the Fe Kα line from the torus is about sev-
eral hundreds of days, long-term monitoring is required
to perform the reverberation mapping. The calcula-
tion of the response of the Fe Kα line needs the pre-
ceding flux of the continuum; thus, we first calculated
the weighted average delay time of each energy bin
τ¯ (E) =
∫
τRSP (E, τ)dτ/
∫
RSP (E, τ)dτ and selected
100 observations just after τ¯ (E) with the interval of 23
days to reduce the artificial correlation due to the in-
completeness of the flux of the continuum. The exposure
time of each observation was 5 ks and we will discuss the
effect of different intervals and number of observations
in Section 4. To determine the flux of the Fe Kα line,
we fitted the simulated spectra (excluding the spectra
in 6.0-6.5 keV) with a power law and then subtracted it
from the total spectra to obtain the spectra of the Fe Kα
line. The original size of a spectral bin of Athena/X-IFU
is 0.4 eV. We binned every 24 original bins to produce
the energy-dependent light curve of the Fe Kα line of
the spectral resolution of 9.6 eV. Then the light curve
of the continuum in 2-10 keV was cross-correlated with
4 Please see data reduction details at
http://cass.ucsd.edu/∼rxteagn/NGC5548/NGC5548.html
5 http://x-ifu.irap.omp.eu/resources-for-users-and-x-ifu-
consortium-members/
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Figure 3. Upper row is the two-dimensional response of the torus as the function of the observed energy and delay time. The
strength of the response is shown in logarithmic scale. The lower row is the profile of the Fe Kα line. The left, middle, and
right columns are the results of inflow, Keplerian rotation, and outflow, respectively.
every bin of the light curve of the Fe Kα line. The cross-
correlation function (CCF) as the function of energy and
delay time is shown in Figure 5.
4. RESULTS AND DISCUSSION
As shown in Figure 5, it is sufficient to distinguish
different kinematics of the torus by the simulated CCF,
which is ensured by the large effective area (∼2500 cm2
at 6.4 keV) and small spectral resolution (2.5 eV) of
Athena/X-IFU. We have also performed similar simu-
lations for Astro-H under the same exposure time and
the number of observations. The signal of correlation
is weak and it is hard to distinguish different kinemat-
ics. To obtain the similar strength of the correlation, we
should increase the exposure time of each observation
to 10 ks and the number of observations to 400 with
the interval of 1 day, which is not realistic for an X-ray
satellite.
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Figure 4. X-ray light curve of NGC 5548 in 2-10 keV (blue)
and the simulated light curve of the narrow Fe Kα line (red).
The beginning of the light curve is MJD 50208.037326.
Since the outer radius of the torus in our simulations
is 2 pc, the delay between the Fe Kα line and the con-
tinuum can be longer than 1500 days. Thus, a long-
term monitoring of about 5 years is required. However,
the delay time of the inner radius of the torus is much
shorter (∼100 days). As shown in Figure 5, the pattern
of the blue and red wings of the Fe Kα line can also
indicate different velocity fields. Thus, it is appropriate
to first perform a pilot and short program focusing on
the response of the wings of the Fe Kα line. Neverthe-
less, the real velocity field can be more complex than the
three cases investigated here or a combination of them.
A long-term program to map the full response is always
desired, of which the monitoring on the continuum can
be completed by other X-ray satellites or shorter expo-
sures of Athena. For simplicity, we adopted the same
intervals of the light curve of the continuum and the Fe
Kα line. They can be different in the real observations
and a denser sampling will obviously increase the sig-
nificance of the pattern in Figure 5. If we increase the
interval of observations to 46 days and reduce the total
number of exposure to 50, the pattern in Figure 5 can
still be revealed; however, the significance of the major-
ity of the plane will higher than 0.01. A larger spectral
bin of ∼20 eV is necessary in this case.
In the adopted spectral model, we assumed the whole
Fe Kα line was contributed by the torus. Although the
Fe Kα lines of some AGNs are indeed dominated by the
narrow component, there could be some contamination
from the broad Fe Kα line around the accretion disk in
the general case. Since the response of the broad Fe Kα
line is much faster than the narrow one, it should not
produce a significant signal at long delay time and thus
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Figure 5. Upper row is the CCF as the function of the rest-frame energy and delay time. The lower row is the logarithm of the
significance of correlations as the function of the rest-frame energy and delay time. The left, middle, and right columns are the
results of inflow, Keplerian rotation, and outflow, respectively.
will not contaminate the pattern in Figure 5 if the signal-
to-noise ratio (S/N) of the narrow component is enough.
Besides the Fe Kα line, the Fe Kβ line (if observable)
can be also utilized to perform velocity-resolved rever-
beration mapping and confirm the result from the Fe
Kα line.
The amplitude of the variation of the Fe Kα line is crit-
ical for the reverberation mapping. As shown in Figure
4, the variation of the simulated light curve of the Fe
Kα line is moderate (Fvar ∼12%).
6 Shu et al. (2010)
compiled a sample of Seyfert galaxies observed by the
Chandra high-energy grating. For the sources observed
repeatedly, the difference in the best-fitting flux of the
Fe Kα line can reach the level of the variation in Figure
4; however, the significance of the difference is no more
than 99% confidence level due to limited S/N. Fukazawa
et al. (2016) systematically investigated the variabil-
ity of the narrow Fe Kα line for Seyfert galaxies using
Suzaku and XMM-Newton data and detected the vari-
ability of several tens of percent at 2σ level. Although
long-term monitoring with high spectral resolution and
S/N is still required to unambiguously determine the
variability of the narrow Fe Kα line, it is not unrealis-
tic to expect the sufficient amplitude of the variation to
carry out reverberation mapping of the narrow Fe Kα
line.
In our simulations, the geometry of the torus does not
change with the flux of the incident continuum. Koshida
et al. (2009) claimed a strong variation of the inner ra-
dius of the torus in NGC 4151 by the dust reverberation
6 Fvar =
√
(S2 − 〈σ2〉)/〈X〉2 , where S2 is the variance of the
whole light curve, 〈σ2〉 is the mean square error, and 〈X〉 is the
mean count rate of the whole light curve.
mapping; however, other works indicated that the hot
dust in NGC 4151 does not expand but they only de-
tected an increase in temperature (Pott et al. 2010;
Ho¨nig & Kishimoto 2011; Schnu¨lle et al. 2013). Con-
trary trends of the change of the lag time were obtained
even in the same epoch of NGC 4151 (Kishimoto et al.
2013; Schnu¨lle et al. 2017). The reverberation mapping
of the Fe Kα line, especially the kinematic information,
should be helpful in clarifying the discrepancy and dis-
tinguishing different models.
The velocity-resolved reverberation mapping of BLR
shows diverse signals. Denney et al. (2009) found the re-
sults from NGC 3227, NGC 3516, and NGC 5548 show
evidence for outflowing, infalling, and virialized BLR
gas motions, respectively. Du et al. (2016) confirmed
a similar and diverse behaviour of super-Eddington ac-
creting AGNs. It is not clear what is the driving factor
that determines the dynamics of BLR and if there is any
evolutionary sequence. The dynamics of the torus is also
under debate. Wang et al. (2010) required the torus as
an inflow to feed the BLR and accretion disk. Czerny &
Hryniewicz (2011) thought the torus is only one part of
the outflow from the accretion disk. With the velocity-
resolved reverberation mapping of the Fe Kα line, it is
possible to compare the kinematics of the BLR and torus
of the same AGN (e.g. NGC 5548), which should be in-
structive for the mechanism driving the dynamics of the
inner part of AGNs; further combining the results of IFS
in optical and maser (Masini et al. 2016; Scho¨nell et al.
2017), we can build a whole pattern of the matter flow
from sub-pc to kpc, which is important for the under-
standing of the activity of supermassive black holes.
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